Diffusion-weighted imaging and diffusion tensor imaging (DWI, DTI) are both important MRI techniques with applications in the fields of clinical medicine [1][2][3][4][5][6][7][8], as well as both basic and cognitive neuroscience [9] [10] [11] . All diffusion-weighted MR experiments rely on the application of magnetic field gradients to obtain information on diffusion, the most commonly used approach being that developed by Stejskal and Tanner [12] and often known as the pulsed-gradient spin-echo, or PGSE experiment. Irrespective of the details of the diffusion sensitisation method chosen, a consequence of diffusion sensitisation is that the imaging experiment is made sensitive to small molecular displacements on the order of micrometres. Bulk motion of the object during the diffusion sensitisation period hence represents a significant measurement difficulty. Coherent motion of a group of spin isochromats during the diffusion sensitisation period will result in a phase change in the magnetisation. If the motion of the object is that of a rigid body then the movement can be described in terms of a rotation and a translation [13] . The latter will result in a phase shift whereas rotation will result in a phase gradient across the object. Single-shot imaging methods that are insensitive to the phase of the magnetisation, such as EPI, are capable of acquiring diffusion-sensitised images that have a low sensitivity to artefacts irrespective of the nature of the motion. Most MAGMA (2004) Abstract This paper explores the application of online motion correction using navigator echoes to the segmented-EPI and FLASH techniques. In segmented EPI this has the advantage over post-acquisition correction that the position in k-space of each segment is no longer subject to arbitrary shifts caused by rotation. In diffusion-weighted FLASH it has the advantage that the full magnetisation can be utilised in comparison to other methods of eliminating the sensitivity to bulk motion, in which the sensitivity is halved. Healthy subjects were investigated on a 3 T whole-body system in which the hardware has been modified so that navigator echoes can be recorded on a personal computer which generates the necessary magnetic field gradient correction pulses and shifts in the Larmor frequency within 800 ls. ECG triggering was used to avoid the period of non-rigid-body brain motion. Two orthogonal navigator echoes were employed. For segmented EPI it was found essential to minimise the T2* weighting of the navigator echoes to about 10 ms to obtain reliable results. High quality images were obtained for both methods examined. Online motion correction brings direct benefits to both the diffusion-weighted segmented-EPI and FLASH techniques.
Introduction
Diffusion-weighted imaging and diffusion tensor imaging (DWI, DTI) are both important MRI techniques with applications in the fields of clinical medicine [1-8], as well as both basic and cognitive neuroscience [9] [10] [11] . All diffusion-weighted MR experiments rely on the application of magnetic field gradients to obtain information on diffusion, the most commonly used approach being that developed by Stejskal and Tanner [12] and often known as the pulsed-gradient spin-echo, or PGSE experiment. Irrespective of the details of the diffusion sensitisation method chosen, a consequence of diffusion sensitisation is that the imaging experiment is made sensitive to small molecular displacements on the order of micrometres. Bulk motion of the object during the diffusion sensitisation period hence represents a significant measurement difficulty. Coherent motion of a group of spin isochromats during the diffusion sensitisation period will result in a phase change in the magnetisation. If the motion of the object is that of a rigid body then the movement can be described in terms of a rotation and a translation [13] . The latter will result in a phase shift whereas rotation will result in a phase gradient across the object. Single-shot imaging methods that are insensitive to the phase of the magnetisation, such as EPI, are capable of acquiring diffusion-sensitised images that have a low sensitivity to artefacts irrespective of the nature of the motion. Most Abstract This paper explores the application of online motion correction using navigator echoes to the segmented-EPI and FLASH techniques. In segmented EPI this has the advantage over post-acquisition correction that the position in k-space of each segment is no longer subject to arbitrary shifts caused by rotation. In diffusion-weighted FLASH it has the advantage that the full magnetisation can be utilised in comparison to other methods of eliminating the sensitivity to bulk motion, in which the sensitivity is halved. Healthy subjects were investigated on a 3 T whole-body system in which the hardware has been modified so that navigator echoes can be recorded on a personal computer which generates the necessary magnetic field gradient correction pulses and shifts in the Larmor frequency within 800 ls. ECG triggering was used to avoid the period of non-rigid-body brain motion. Two orthogonal navigator echoes were employed. For segmented EPI it was found essential to minimise the T2* weighting of the navigator echoes to about 10 ms to obtain reliable results. High quality images were obtained for both methods examined. Online motion correction brings direct benefits to both the diffusion-weighted segmented-EPI and FLASH techniques.
Keywords Diffusion magnetic resonance imaging Á Online motion correction Á Navigator echoes Á Echo-planar imaging Á TurboFLASH other imaging sequences have to rely however on some form of correction procedure, one of the most popular of which has proven to be that of navigator echoes [14, 15] . The use of navigator echoes to correct phase changes caused by bulk motion relies on the assumption of rigid body motion. Consequently the number of soft tissue organs for which this approach is valid is limited, but it can be applied to the brain, except for the period immediately post-systole when arterial pulsation results in the propagation of a compressive wave, which in the human can result in displacements of about 0.5 mm [16] . The effects of bulk motion on diffusion imaging and standard methods for its correction have been reviewed [17] . A more recent development is that of online navigator correction as distinct from the post-acquisition phase correction of image data on the basis of information obtained from navigator echoes [18] . Online navigator correction opens up new possibilities for correcting bulk motion in diffusion imaging of the brain. For the FLASH [19] and RARE/FSE [20] sequences it offers a potential doubling in sensitivity in comparison to methods that make these sequences insensitive to the phase of the magnetisation [21] [22] [23] . For segmented EPI it makes it possible to collect the image data equidistantly in k-space. We have previously demonstrated the value of online correction in combination with diffusion-weighted RARE imaging [18] . The purpose of this article is to describe the specific application of online correction to diffusion-sensitised segmented-EPI and FLASH sequences.
Segmented EPI is a useful adjunct to single-shot EPI as it can ameliorate some of the problems commonly encountered with the latter: viz. image distortion and limited spatial resolution. However, segmenting the acquisition increases the experimental duration, and, more pertinently, imposes the requirement of phase conformity between segments. Motion correction using 2D navigators and phase correction post-acquisition has previously been demonstrated to produce good results in humans [24] [25] [26] . In this approach the effects of rotation, which produce a shift in the k-space data, are corrected by placing the data points at the k-space coordinates corresponding to the combined effects of rotation and phase encoding, and then re-gridding to a Cartesian matrix prior to image reconstruction. Given the arbitrary nature of the variation in rotation between segments, the likelihood exists that in some images the Nyquist sampling theorem will not be satisfied. Online motion correction offers a potential solution to this problem by entirely eliminating the shift in k-space caused by rotation.
The FLASH sequence is of interest because it offers the possibility of good spatial resolution combined with low RF power requirements: qualities which become increasingly important with the move to ever higher main magnetic field strengths. As is well known, magnetisation-prepared FLASH sequences [27] read out a small percentage of the longitudinal magnetisation with each excitation. Diffusion sensitisation can hence only be achieved by bringing the bulk magnetisation into the transverse plane, applying diffusion encoding and then returning it to the longitudinal axis. Various methods of performing this have been described in the literature [28, 29] . Those that are insensitive to bulk motion all lose half the potential sensitivity either by the use of stimulated echoes [30] [31] [32] [33] or by applying an additional dephasing gradient pulse prior to the generation of longitudinal magnetisation [21] .
Methods and results
All experiments were performed using a Bruker 3 T/100 Medspec system equipped with magnetic field gradients capable of switching 45 mT m À1 within 320 ls. A birdcage resonator of 280 mm i.d. was used for RF-transmission and signal reception. The MPIL software package, specifically designed to drive this console, was used in all experiments. All in vivo experiments were performed on healthy adult human volunteers who had previously given informed consent to the investigation. ECG triggering was conducted using the Bruker Maglife system, so that in both sequences considered, acquisition was triggered to start 380 ms after each R-wave.
Online navigator correction was achieved by modifying the system hardware as described previously [18] . Briefly, the incoming MR signal was additionally acquired by an additional analogue to digital converter mounted in a high performance, real-time data acquisition processor board (DAP 5200a, Microstar Laboratories Inc., WA, USA) hosted by a personal computer. Echo phases and time shifts were calculated relative to a reference echo acquired without diffusion weighting. With this configuration it it possible to digitise the navigator echoes and then to output correction pulses within 800 ls of completing data acquisition. The total time required for both navigator pulses including the necessary dephase gradients was less than 6 ms. Phase gradients within the object were corrected for by applying the appropriate magnetic field gradient pulse via the console electronics. The zeroth-order phase correction was achieved by applying a pulse to the B 0 -coil.
Segmented EPI
The pulse sequence employed was a standard diffusion-weighted spin-echo EPI using conventional Stejskal-Tanner spin preparation. The segments were acquired in k-space in an interleaved manner. Abrupt modulations in the k-space intensity were avoided by temporally shifting the acquisition of each k-space segment. Insertion of two perpendicular navigators plus the time necessary for any correction pulses necessary, introduces an additional delay of 8 ms. All navigator correction was performed relative to a data set acquired with minimal diffusion weighting (b 0 ¼ 20 s mm À2 ). The minimum TE was 85 ms with the diffusion sensitisation taking durations of D ¼ 40 ms and d ¼ 22 ms using standard notation. The sequence is sketched in Fig. 1 , and was initially tested on phantoms and then on human subjects, for b-values up to 800 s mm À2 . One difficulty encountered in going from a phantom having a good main field homogeneity to the human head was that the T2* in vivo is considerably shorter. If the centre of the EPI echo train coincides with the centre of the spin echo then the navigator is separated from the spin-echo centre by half the echo train length (ETL) of the EPI sequence, and may hence acquire a T2* weighting corresponding to some tens of milliseconds. At 3 T it was commonly found that the form of the gradient echo was so distorted by T2* effects that our relatively simple algorithm for finding the peak of the signal [18] no longer functioned reliably. A more complex algorithm could solve these problems, but would require more extensive computation, and may unacceptably prolong the total echo time. Hence the navigator echoes were brought as close as possible to the centre of the spin echo, without compromising image quality. In order to do this the number of segments was slightly increased and the echo train shifted so that the spin-echo maximum occurred after 30% of the total duration rather than the standard 50%, and coincided with the zero phase-encoding step. It was hence possible to acquire images on a data matrix of 128 Â 128 using eight segments with an ETL of 10.24 ms. A FOV of 192 mm and a 5-mm slice thickness were used combined with a 200 kHz EPI acquisition bandwidth. With this choice of parameters the T2* weighting for the first navigator could be kept under 10 ms. In this configuration k-space shifts of about one element, and phase rotations of any angle could be successfully corrected. Images were acquired in transaxial section with diffusion weighting along the three main axes. The readout direction was along the x-axis. Two orthogonal navigator echoes were employed, the first navigator acquired a phase projection across the head in the readout direction, and the second acquired a projection in the phase-encoding direction. The phase information of these navigators was used to calculate correction pulses for zeroth-order and first-order phase correction [18] . This approach works best when diffusion weighting is along the sliceselection axis. However, other combinations of diffusion-weighting gradient direction and head-rotation axis can cause phase variations along the slice-selection direction that are not corrected by this configuration of orthogonal navigators. Linear phase variations along the slice-selection axis can in principle result in signal loss, but, since the slice thickness is small, the phase variation across the slice produces only a small signal attenuation, which in this instance could be neglected. A navigator echo was only used for correction, provided that its amplitude was greater than twice the mean noise level, otherwise the data were discarded. Three volunteers were measured and all gave similar results. Typical results from one measurement are shown in Fig. 2 , diffusion-weighted images at maximum b-value of 800 s mm À2 (top) and corresponding ADC maps (bottom) for diffusion weighting along the three main axes are shown on the left. The isotropic diffusion-weighted image and corresponding average ADC trace (ADC av ) are shown on the right (fourth column). The ADC av image is obtained from the average ADC value obtained from the three orthogonal directions, the DWI av is obtained from the geometric mean of three DWI images with the same b-value but orthogonal diffusion-weighting orientations. Diffusion-sensitising gradients were applied in the readout direction in the first column, in the phase-encoding direction in the second column, and in the slice-selection direction in the third column. The anisotropy effects in the white matter regions are clearly depicted for the three different directions of diffusion-weighting gradients. Measurements with five different b-values (20, 215, 410, 615, 800 s mm À2 ) were used for calculating ADC maps, the ADC av map is the average of the three individual ADC maps. Some values extracted from such maps are documented in Table 1 , which documents the ADC values from the volunteer shown in Fig. 2 , as well as the standard deviation for the pixel values within the chosen region of interest.
FLASH
In the centric-reordered, refocussed Turbo-FLASH experiments a DEFT-variant of the Stejskal-Tanner sequence was used to generate longitudinal diffusion-weighted magnetisation. This sequence is sensitive to the effects of bulk motion because any phase change in the transverse magnetisation prior to the last 90 pulse in the DEFT sequence will strongly affect the efficiency with which diffusion-weighted magnetisation is returned to the longitudinal axis. As for the segmented-EPI experiment, two orthogonal navigators were inserted into the pulse sequence before this 90 pulse so that the phase of the magnetisation and any phase gradient could be corrected. The diffusion-weighted FLASH sequence with online motion correction is sketched in Fig. 3 . In comparison with the EPI experiment somewhat shorter echo times for the diffusion-weighted preparation experiment of 62 ms could Fig. 1 Diffusion-weighted EPI sequence with online motion correction (not to scale). The diffusion weighting is performed using conventional Stejskal-Tanner spin preparation (the diffusion gradients are shaded light grey). In this application the diffusion weighting is in the sliceselection direction. The navigator echoes are applied in the read and phase directions, the gradient pulses required for the navigator echoes are shaded grey, the correction pulses are shaded black. The full number of phaseencoding steps employed is not shown in the schematic of the EPI readout be achieved. FLASH images were obtained from a single preparation experiment with a data matrix of 92 (phase) Â 128 (read) elements on a FOV of 184 Â 256 mm 2 , giving an in-plane resolution of 2 mm. A slice thickness of 6 mm was employed. Images were acquired in transaxial section with diffusion weighting along the slice-selection axis. Other important parameters for the FLASH sequence were a/TE/TR of 20 =3:0 ms=7:5 ms respectively. Images for ten different b-values between 20 to 800 s mm
À2
were acquired. No averaging was performed. All imaging experiments were ECG triggered to start 380 ms post R-wave. The ADC values were calculated by performing a nonlinear leastsquares fit on a pixel-by-pixel basis of the signal intensity SðbÞ against b-values to the expression
The diffusion-independent term B in Eq. (1) originates from the longitudinal relaxation during the relatively long FLASH readout period. For a region of interest in the splenium of the corpus callosum a value of 0:34 AE 0:2 Â 10 À9 m 2 s À1 was obtained, which is consistent with measurements to be found in the literature [34, 35] . Figure 4 shows typical images obtained with and without online motion correction obtained in transverse section from the head of a healthy human volunteer with a b-value of 800 s mm À2 . The expected improvement in image quality is clearly demonstrated. The dark banding artefacts are almost fully removed by the online motion correction. Slight artefacts in the periventricular and brainstem region are presumably caused by non-rigid-body motion in this region that are uncorrectable by the motion correction algorithm. The clear depiction of larger blood vessels is also noteworthy. The signal from these vessels arises because of inflow during the relatively long FLASH readout train. In diffusionweighted FLASH sequences in which the FLASH-readout portion of the sequence is modified, for example by the insertion of an additional gradient pulse [21] , only the coherence pathway that has experienced the diffusion-weighted preparation experiment will be imaged. In the sequence presented here such a selection is not possible.
Discussion
The requirement to perform ECG triggering in conjunction with navigator echo correction leads inevitably to longer measurement times. In ungated segmented EPI it would generally be possible to acquire a segment from about 8 different slices per second using the parameters described above. A more aggressive strategy than that pursued in the present work would imply that data acquired during the period from 100 to 300 ms post R-wave would not be used, probably by collecting data at a constant repetition time and immediately discarding data obtained from this period. This would prolong experimental durations by about 30% as compared to an ungated experiment, but it is also to be expected that the image quality would be significantly improved for some regions of the brain. This is because even singleshot diffusion-weighted EPI can be affected by motion artefacts in ungated mode, particularly in the inferior part of the brain [36, 37] . In the FLASH sequence it takes about 800 ms to acquire data from a single slice, whereby only the diffusion-sensitising part of the sequence should be timed so as to avoid periods of significant brain movement. In the situation where a multi-slice experiment is performed, and hence the period between acquisitions from any given slice is so long that slight variations in TR can be neglected, the loss in efficiency due to ECG triggering will be about the same as for segmented EPI. The attainment of such high levels of efficiency will however imply relatively complex sequence programming. The standard arguments for employing segmented EPI are that it allows a reduction in the echo train length, hence reducing the degree of distortion artefacts, while allowing higher spatial resolution. In the recent past it has also become possible to attain these goals by means of parallel imaging methods [38, 39] . However, the maximum acceleration factor that can be attained in parallel imaging is limited by theoretical considerations to not more than four [40] . If the goal is to achieve a data matrix of 256 Â 256, then at 1.5 T this may well be realisable using parallel imaging techniques, but at 3 T a factor of four will generally be insufficient. With the FLASH sequence the benefits of parallel imaging will be a reduction in the experimental duration and a possible increase in the flip angle, without a fundamental influence on the level of artefact caused by diffusion weighting.
In conclusion, this paper has successfully demonstrated that online motion correction can be successfully applied to correct rigid body bulk motion during the diffusion sensitisation period in both the segmented-EPI Fig. 3 Diffusion-weighted FLASH sequence with online motion correction (not to scale). The diffusion weighting is performed using conventional Stejskal-Tanner spin preparation, the diffusion-weighting gradients (shaded light grey) were applied in the slice-selection direction. The navigator echoes were applied in the readout and phaseencoding directions, the gradient pulses required for the navigator echoes are shaded grey, and the correction pulses are shaded black. Spoiler gradients are applied along all three axis after the magnetisation preparation period to dephase any transverse magnetisation and the FLASH sequences. This methodology opens the way to high spatial resolution acquisition, and improves the sensitivity of the diffusion-weighted FLASH sequence by a factor of two in comparison to other methods of desensitising this sequence to bulk motion [21, [31] [32] [33] .
